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ABSTRACT 
Aldehyde-fixed rat  tissues were variously dehydrated and impregnated in water-miscible 
2-hydroxypropyl methacrylate (HPMA) containing 3 to 20 per cent water and 0.1 per cent 
a,a-azobisisobutyronitrile  as  catalyst for subsequent polymerization with ultraviolet light. 
Heat polymerization was also  effective.  Blocks of embedded tissue  readily gave ultrathin 
sections,  which required staining by uranyl acetate  and/or lead  stains to  give adequate 
contrast for electron microscopy. The ultrastructure of pancreas, kidney, muscle, and in- 
testine was well preserved by aldehyde fixation alone. Use of postfixation in osmium tetrox- 
ide or direct osmium tetroxide fixation was unsatisfactory. The fine structure of aldehyde- 
fixed liver from fasted rats was well preserved, whereas that from normal rats showed  con- 
siderable disorganization and collapse, apparently because of extraction of glycogen during 
the embedding procedure. Enzymatic extraction of proteins by pepsin and of ribonucleic 
acid  by  ribonuclease after  either  formaldehyde  or  glutaraldehyde  fixation was  rapidly 
effected by direct treatment of ultrathin sections with solutions of the enzymes. In contrast, 
no digestion of chromatin by deoxyribonuclease could be detected.  In spite of this present 
limitation, HPMA  appears  to  have  several  advantages  over  earlier water-miscible em- 
bedding media for electron microscopy and to be particularly suitable for  ultrastructural 
cytochemistry. 
INTRODUCTION 
Some of the limitations imposed upon cytochemi- 
cal  investigations at  the  ultrastructural level by 
fixation in osmium tetroxide  and  embedding in 
epoxides or in butyl methacrylate may be avoided 
by the use of aldehyde fixation and embedding in 
polymers derived from water-soluble media  (38, 
21,  4,  22-24,  26,  31).  Furthermore,  parallel 
0.5- to  2-/z sections  for  light microscopy also  re- 
main specifically  reactive to certain cytochemical 
stains without removal of the embedding medium 
(25,  17). In earlier studies from these laboratories, 
it  was  found  that  2-hydroxyethyl  methacrylate 
(glycol  methacrylate  or  GMA)  had  certain  ad- 
vantages for  this purpose  (24,  26)  over polymers 
derived from Durcupan (38)  and Aquon (9)  be- 
cause  the  greater  permeability of its  polymer to 
nucleases  allows  rapid  and  specific  digestion  of 
nucleic  acids  from  ultrathin  sections  (24,  26). 
With GMA it was found necessary to include a 
proportion (25 to 30 per cent) of butyl methacryl- 
137 ate  in  the  embedding  medium  to  facilitate  sec- 
tioning  (24),  but,  from  time  to  time,  unexpected 
variability  in  the  preservation  of  ultrastructure 
was  encountered.  Although  these  variations  can 
be  substantially  reduced  by  adding  1  per  cent 
ethylene  glycol  dimethacrylate  to  the  monomer 
mixture  as  a  cross-linking  agent,  this  procedure 
considerably  reduces  the  rate  of  digestion  of 
ribonucleic acid  (RNA)  by ribonuclease  (RNase) 
(27).  It  was  felt  that  an  embedding medium  de- 
rived  from  a  single  water-miscible  monomer  in- 
stead  of  a  mixture  of  monomers  might  give 
more  consistent results  and  be  more  suitable  for 
treatment with enzymes. The  chemical structures 
of  other  commercially  available  water-miscible 
methacrylates  were  therefore  considered,  and 
2-hydroxypropyl  methacrylate  (HPMA)  was 
selected for  study.  This  choice was made  because 
it  might  be  expected  that  HPMA,  as  the  next 
homologue  of GMA,  would  have  physical  prop- 
erties  lying  somewhere  between  those  of  butyl 
methacrylate  and  GMA.  Thus,  while  having 
adequate  miscibility  with  water,  it  might  give, 
by  itself,  a  polymer  having  useful  cutting  prop- 
erties.  We  now  report  some  preliminary  investi- 
gations  which  confirm  this  reasoning,  and  which 
indicate  that  HPMA  as  an  embedding  medium 
has many  useful  features for ultrastructural  cyto- 
chemistry. 
MATERIALS  AND  METHODS 
Properties of 2-Hydroxypropyl  Methacrylate 
The  quality  of  commercial  methacrylates  often 
varies  from  supplier  to  supplier  according  to  their 
degrees  of  purity  and  the  conditions under  which 
they have been stored.  Similar variations occur with 
HPMA,  and  with  some grades  it  is  not  possible to 
get  reproducible  results  or  satisfactory  preservation 
of fine structure.  The results presented in this paper 
have  been  consistently  obtained  with  HPMA  sup- 
plied  by  the  Rohm  and  Haas  Company,  Phila- 
delphia. 1, 2 
When  shaken  together  vigorously,  HPMA  and 
water should  be completely  miscible in  the ratio  of 
about 4  to  l  by volume at 20°C,  thus giving a  solu- 
tion  containing  approximately  20  per  cent  v/v  of 
water.  I-IPMA  that  will  not  absorb  this  amount  of 
1 Small amounts can be purchased from Polysciences, 
Inc.,  Rydall,  Pennsylvania.  Each  sample  should  be 
tested for its water miscibility. 
2 Brochures  describing the  properties of HPMA  are 
available from the Rohm and Haas Co., Philadelphia. 
water  should  not  be  used,  for  the  dehydration 
schedules 1 to 3  (see below) will not then be effective. 
It should be noted,  however,  that  the  miscibility of 
water  with  HPMA  increases  as  the  temperature  is 
lowered  below  20°C,  and  vice-versa. The  solubility 
of HPMA  in  water  is  about  6  to  10  per  cent  v/v. 
HPMA is normally supplied with 0.01  to 0.03  per 
cent hydroquinone added as an inhibitor of thermal 
polymerization,  but,  like  methyl  and  butyl  meth- 
acrylates (34),  it may readily be polymerized without 
removing  the  stabilizer  by  using  benzoyl  peroxide, 
Luperco  or  c~,c~-azobisisobutyronitrile  as  catalyst 
and  either  heating  or  exposing  to  UV  light.  The 
azonitrile  is  the  most efficient of these  catalysts  for 
photopolymerization.  Because  of  its  sensitivity  to 
light, even in the absence of a  catalyst, it is advisable 
to store HPMA in the dark. 
Although the oral toxicity  2 of HPMA is no greater 
than  that  of other  methacrylates  used  for  electron 
microscopy, allergic reactions may occur if the skin is 
unduly  exposed to  the liquid  monomer.  This  effect 
has  not  been  observed  with  the  polymer,  however, 
and  no  precautions  seem to  be  needed in  handling 
blocks of embedded tissues. 
Preparation of Tissues 
1.  FIXATION 
Small  blocks of tissue less than  0.5  mm long in  any 
dimension  were  taken  from  pancreas,  kidney,  and 
liver  of  adult  male  albino  rats  and  were  fixed  at 
0-3°C  for  15  and  30  minutes,  and  for  4  hours  in 
1.25, 2.5, 3, or 5 per cent ghitaraldehyde buffered at 
pH 7.4 with 0.067 M cacodylate,  for  30  minutes  and 
16 hours in 4  per cent formaldehyde containing 0.25 
M  sucrose  and  buffered  at  pH  7.4  with  0.067  M 
phosphate, and for  1 hour in Millonig's (32) osmium 
tetroxide fixative.  Some of the blocks fixed in 4  per 
cent  ghitaraldehyde  or  in  formalin  were  postfixed 
for 1 hour in the osmium fixative. In addition, speci- 
mens taken from rat diaphragm and duodenum were 
fixed in 3  per cent glutaraldehyde for 4  hours, while 
fragments from livers of animals fasted for 24 and 48 
hours  were  fixed both  in  3  per  cent ghitaraldehyde 
for 4  hours and in the formalin fixative for  16  to 24 
hours.  Tissues  fixed only  briefly  (15  to  30  minutes) 
in  the  aldehyde  fixatives were  not  washed,  but  de- 
hydrated directly, whereas those fixed for 4  hours in 
glutaraldehyde  were  washed  for  16  to  24  hours  at 
0-3°(:I in 0.25 M sucrose at pH 7.4 (0.067 ~ cacodylate 
buffer), and those fixed in formaldehyde for  16 to 24 
hours  were  washed  for  50  to  60  minutes  at  0-3°C 
in 0.25 M sucrose. 
~.  DEHYDRATION  AND  EMBEDDING 
A  variety  of dehydration  schedules  were  investi- 
gated,  using  dilutions  of HPMA,  GMA,  or  alcohol 
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per cent HPMA.  In most cases, the tissues were then 
embedded in either of these concentrations of HPMA 
by impregnation in a syrupy prepolymerized aqueous 
monomer containing 0.1  per cent of azonitrile  cata- 
lyst and exposing to  UV  light in the cold.  In  a  few 
cases, destabilized  HPMA  was used for  dehydration 
and  embedding,  and  in  others,  heat polymerization 
was used. 
A.  REMOVAL  OF  STABILIZER  FROM  HPMA: 
In  initial  experiments,  which were  soon  abandoned 
because  of  very  slow  polymerization,  the  stabilizer 
was  removed  from  the  monomeric  HPMA  before 
adding the azonitrile catalyst. Washing with aqueous 
sodium hydroxide  was  unsatisfactory because  of the 
partial  solubility  of  the  monomer  in  water  and 
because  alkali  catalyzes  its  disproportionation  to 
1,2-propylenegiycol  dimethacrylate. 2  The  stabilizer 
was  readily  removed,  however,  by  shaking  the 
monomer with  activated  charcoal  3  (usually  10  per 
cent w/v suffices) for about an hour until the optical 
density  at  295  m/z,  characteristic  of hydroqninone, 
showed  no  further  reduction  when  measured  on  a 
filtered sample. 
B.  PRE-POLYMERIZATION  OF  HPMA:  Quanti- 
ties up to about 30 mi at a time of HPMA  containing 
0. I  per  cent  of  azonitrile  catalyst  were  partially 
polymerized by heating to about 120°C with constant 
stirring.  Satisfactory  polymerization  occurs within  5 
minutes,  but  must  be  kept  under  control  by  occa- 
sional  rapid  cooling  in  ice  and  examination  of the 
viscosity of the  "prepolymer"  produced.  Water  was 
then added and thoroughly incorporated  by stirring, 
to  give  final  concentrations  of  3  or  20  per  cent  in 
the  mixture.  Generally,  a  prepolymer  having  the 
consistency of  a  free-flowing  syrup  in  the  cold  was 
used,  since tissues must be  agitated  in  it  to  achieve 
satisfactory impregnation. 
C.  DEHYDRATION  AND  IMPREGNATION  OF  TIS- 
SUES:  Several  dehydration  procedures  were  com- 
pared  to  establish  best  conditions  for  preserving 
cellular  fine structure.  Four  of them are  appended. 
In  each  case  the  schedules were  carried  out  in  the 
cold  room  at  1-3°C,  using  about  5  mi  of fluid  in 
each change for  about  20 blocks,  and swirling them 
together  in  1-inch  diameter  glass vessels on  a  hori- 
zontal  rotary  agitator  running  at  100  RPM.  A  ro- 
tating agitator  of the type described by Watson and 
Aldridge  (42) was also found to be quite satisfactory; 
the essential requirement is that the  tissues are  kept 
constantly moving in  the  impregnating fluid.  When 
tissues  were  introduced  directly  into  85  per  cent 
HPMA,  the contents of the vessel were  first agitated 
vigorously  by  hand  before  being  placed  on  the 
3 Decolorizing  charcoal  from  British  Drug  Houses, 
Ltd.,  Poole,  Dorset, England was used here. 
rotary agitator.  The presence of excess water around 
the  tissue,  or  on  the  walls  of  the  containers,  may 
cause  the  85  per  cent  HPMA  to  become  cloudy 
because of the limited solubility of water in HPMA. 
When  this  occurs,  it  is  essential  to  replace  the  wet 
HPMA  with  a  fresh amount before  continuing with 
the  normal  schedule.  Each  change  of HPMA  con- 
tained  0.1  per  cent  of azonitrile  to  ensure complete 
impregnation  of  tissues  with  catalyst.  Polymeriza- 
tion  (see  below)  followed  directly after impregnation 
with prepolymer. 
SCHEDULES  OF  DEHYDRATION 
AND  IMPREGNATION 
Schedule  1  Schedule  3 
a.  85%  HPMA,  2  a.  85%  HPMA,  2 
changes 1 hr. each  changes 1 hr. each 
b.  97% HPMA, 2  b.  80%  HPMA,  2 
changes 1 hr. each  changes 1 hr. each 
c.  Prepolymer  (97%  c.  Prepolymer  (80% 
HPMA),  1 hr.  HPMA),  1 hr. 
Schedule  2  Schedule  4 
a.  70 and 80% alcohols,  a.  80% and 97% GMA, 
5  min. in each  15 min.  in each 
b.  85%  HPMA,  2  b.  1:1  mixture  of 97% 
changes 1 hr. each  GMA  and  97% 
c.  97%  HPMA,  2  HPMA,  15  min. 
changes 1 hr. each  c.  97%  HPMA,  2 
d.  Prepolymer  (97%  changes 1 hr. each 
HPMA),  1 hr.  d.  Prepolyner  (97% 
HPMA),  1 hr. 
In  each  case,  individual  tissue blocks  were  trans- 
ferred  to  capsules which were  then  filled  with fresh 
prepolymer of the appropriate  composition. 
D.  POLYMERIZATION  :  Final  polymerization 
was  usually  induced  by  exposing  the  capsules  to 
long wave length UV light  (>  3150 A) from a  Type 
A  405  lamp  4 manufactured by  P.  W.  Allen  &  Co., 
London,  England.  This  is  a  low-power  discharge 
lamp containing two Philips 9-inch, 6-watt fluorescent 
tubes  having  a  special  actinic  blue  phosphor  (color 
type  05).  It  produces  very  little  heat,  and  is  fitted 
with  a  removable  Wood's glass filter.  The lamp was 
supported about 1 inch above the top of the capsules, 
which  were  held  upright  in  wire  or  transparent 
plastic  5 holders placed upon aluminum foil to ensure 
reflection  of  light  and  maximum  exposure  to  it. 
With  the  glass  filter  removed,  the  temperature  of 
the capsules in  a  1-3°C coldroom was  10°C.  Under 
For  220 to  250 volt lines,  but may be obtained for 
115-volt supplies. 
5 Polystyrene  and  polymethacrylates both  have suit- 
able  UV transmission for this purpose. 
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12 to 24 hours. 
For heat polymerization, capsules were maintained 
at 56°C for 2 to 3 days. 
Many  factors  affect  the  rate  of  polymerization: 
the amount of catalyst and of water, viscosity of pre- 
polymer,  type  of lamp,  temperature,  etc.  As  with 
other  methacrylates,  the  capsules  must  be  filled  to 
capacity  and  their  tops  pushed  right  down  so  that 
a  minimum volume of air is present. 
Cutting and Staining of Sections 
Ultrathin  sections were  readily  cut  with  glass  or 
diamond  knives  from  blocks  of tissue  embedded in 
both  UV-  and  heat-polymerizcd  HPMA.  Sections 
were  picked  up  from water-filled boats  by lowering 
over  them  narrow  rings  of thin  (0.2-ram)  cellulose 
acetate  having  a  central  1/~  inch circular  hole,  and 
held in  fine forceps  (29).  On  raising the  rings,  the 
small  drop of water held in them by surface tension 
carried the ribbon of sections. These were stained by 
floating  the  rings  on  staining  solutions,  washed  by 
the  same  procedure  in  distilled  water,  and  finally 
transferred  to  carbon-coated  grids  by  touching  the 
carbon  surface  to  the  droplet  carrying  the sections. 
Staining  solutions,  used  at  room  temperature, 
were  2  or  5  per  cent  aqueous  solutions  of uranyl 
acetate applied for  1 hour,  Karnovsky's lead stain A 
(20)  for  20  minutes,  or  double  staining,  first  in  5 
per cent uranyl acetate for 15 to 30 minutes, followed 
by  the  Karnovsky  stain  for  2  to  5  seconds.  A  pro- 
cedure  that  caused certain cell membranes  to stand 
out strongly in  negative image  against a  dark  back- 
ground  was  to  prolong  to  30  minutes  the  applica- 
tion of lead in the double staining procedure.  Stain- 
ing was also carried out directly on grids. 
ENZYME  DIGESTION  PROGEDURES:  In  previous 
work with GMA-embedded tissue, it was found that 
only after formalin fixation would DNase specifically 
attack  ehromatin  and  render  it  non-stainable  with 
uranyl  acetate  (24).  On  the  other  hand,  RNase, 
pepsin, and trypsin were active after either formalde- 
hyde  or  glutaraldehyde  fixation.  By  analogy,  only 
formaldehyde  fixation  (30  minutes)  was  used  for 
DNase  digestions  on  sections  of  HPMA-embedded 
tissues,  while  glutaraldehyde  fixation  (30  minutes 
and  4  hours)  was  used for the  other three  enzymes 
because  it  gave  better  morphological  preservation. 
Pale gold sections were arbitrarily selected to stand- 
ardize  the  enzyme  digestion  experiments,  since 
thickness is  a  determining factor in controlling rates 
of digestion  of substrates  in  tissues,  in  addition  to 
the usual factors of time, temperature, concentration 
of  enzyme,  etc.  Digestions  were  carried  out  by 
floating  the sections on  the surface of enzyme solu- 
tions.  After incubation,  the sections were washed in 
distilled water,  transferred to staining solutions,  and 
finally  to  carbon-coated  grids.  The  plastic  ring 
technique  described  above  was  used  throughout 
these  experiments.  The  digestion  procedures  used 
The following abbreviations are used on the figures: 
Nu, nueleolus  ER, ergastoplasm 
Ch, chromatin  M, mitochondrion 
R, ribosomes  Mb, microbody 
T, tubules  CM, cell membrane 
Z, interchromatinic zone 
GA, Golgi apparatus 
BM, basement membrane 
L, lysosome or protein droplet 
FmURES 1 TO 3  These three micrographs are all of the same rat pancreas, fixed in ~.5 
per cent glutaraldehyde for 30 minutes, embedded in 97 per cent HPMA, and the sections 
stained in uranyl  acetate  alone.  They  differ with respect to  method  of dehydration or 
pretreatment before staining. 
FIGURE  1  After dehydration in HPMA according to Schedule 1, the ribosomes (R)  are 
distinct and deeply stained by uranyl acetate but the chromatin (Ch) is homogeneous and 
only faintly stained. Granules are visible in the interchromatinic zone (IZ)  but those of 
the nucleolus (Nu) are not evident, probably because no lead stain was employed. )< 30,000. 
FIGURE ~  After dehydration in GMA before embedding in HPMA according to Schedule 
4, the chromatin (Ch) is less homogeneous and more intensely stained than after dehydra- 
tion in HPMA  (compare with Fig. 1).  X  30,000. 
FIGURE 3  This section is from the same block of tissue as that illustrated in Fig. 1, but it 
was incubated in RNase for 30 minutes before staining. The chromatin (Ch) is rendered 
very dense. Ribosomes have been rendered unstainable, and only the negative image of 
the membranous component of the ergastoplasm (ER) can be seen. ×  30,000. 
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distilled water at pH 6.8 for 30  minutes and  1 hour 
at 37°C;  (b) 0.1  per cent deoxyribonuclease (DNase) 
in distilled water at pH 6.8 for  1,  2,  and 4  hours at 
37°C  both  with  and  without  0.003  M MgSO4;  (c) 
0.5 per cent pepsin in 0.1  N hydrochloric acid for 30 
and 60 minutes at 37°C; and (d) 0.3 per cent trypsin, 
in  either  0.05  M Tris  buffer  pit  8.0  with  0.005  M 
CaC12 or in distilled water adjusted to pH  8.0  with 
0.01  N  NaOH,  for  4  hours  at  room  temperature. 
The  sections were transferred to  a  fresh solution of 
trypsin  after  the  first  2  hours  of  incubation.  The 
extent of enzymic attack  was  determined by subse- 
quently  staining  the  treated  sections  with  uranyl 
acetate alone or followed by lead staining.  In other 
experiments,  0.5-  to  2-g  sections  of  the  formalin- 
and  glutaraldehyde-fixed  tissues  were  digested  at 
37°C with DNase for  1 to 4 hours and then stained 
by  the  Feulgen  procedure.  Control  sections  were 
exposed to enzyme-free media and  the results com- 
pared  with  those  obtained  by  direct  staining  of 
undigested sections. 
Micrcgraphs were taken at 80  kv with a  Siemens 
Elmiskop  I  fitted  with  50-#  objective  apertures. 
OBSERVATIONS 
Polymerization  of HPMA 
When  irradiated  with  UV  light  under  the 
conditions  described  above,  prepolymerized 
HPMA  underwent  further  polymerization  to  a 
pale  hard  solid  in  12  to  24  hours.  Variations in 
the  rate  of polymerization occurred  which  were 
dependent  upon  the  position  of  the  capsules 
under  the  lamp;  e.g., whether  certain  capsules 
lay in  the shadows of others, as well as upon the 
other  factors  mentioned  in  the  Materials  and 
Methods section. Heating was more effective than 
UV light in producing a uniform rate of polymeri- 
zation.  In  either  case,  however,  as  with  butyl 
methacrylate, the surface of the block in  contact 
with air  in  the capsule tended to  remain soft, or 
even  sticky.  Contrary to  expectations, the  use  of 
destabilized HPMA  resulted in  slower  polymeri- 
zation  than  when  the  stabilizer remained  in  the 
monomer.  Polymerized  HPMA  is  no  longer 
soluble  in  water  and,  unlike  polybutyl  methac- 
rylate,  is  also  insoluble in  common  organic  sol- 
vents,  although  some  of  these  may  cause  it  to 
swell and take on a friable consistency. 
Properties  of HPMA Blocks 
Trimming  frequently  results  in  conchoidal 
fi'actures at cut surfaces unless a  very sharp blade 
is used, although HPMA blocks are not so brittle 
as  those  prepared  from  pure  GMA  (26).  Ultra- 
thin  sections are  readily cut  fi'om the  blocks  by 
routine  procedures;  they  flatten  spontaneously 
on the surface of distilled water in the trough and 
do  not show the  expansion  and  occasional frag- 
mentation seen with GMA.  Again, in contrast to 
GMA,  sections  of  HPMA-embedded  tissues  are 
stable  under  the  electron  beam  and  can  be 
examined without a  protective coating of carbon. 
It is necessary, however, to use formvar- or carbon- 
coated grids for supporting HPMA sections. 
Contrast Staining of HPMA Sections 
Unstained sections show very little contrast in 
the  electron  microscope,  and  it  is  necessary  to 
apply  contrast  staining  for  morphological  and 
cytochemical  studies.  In  general,  sections  of 
HPMA-embedded  tissues  stain  more  intensely 
than sections of GMA-embedded tissues. Aqueous 
uranyl  acetate stains the ribosomes more densely 
than other cytoplasmic structures  (Figs.  1 and 2) 
FIGURES 4 AND 5  Rat kidney cortex fixed in 5 per cent glutaraldehyde for 4 hours, washed 
16 hours in cacodylate-sucrose, embedded in HPMA according to Schedule 1, polymerized 
with heat, and the sections stained with uranyl acetate for 60 minutes followed  by  ]ead 
stain for ~0 minutes. 
FmVRE 4  A low magnification of a slightly oblique section through cells of a proximal 
convoluted tubule which rest on a barely stained basement membrane (BM) at the lower 
left. At the base of the microvilli (MV) at the upper right are tubular invaginations (T) 
of the cell membrane and many apparently empty vacuoles.  The heavily stained cell pro- 
teins outline the negative images of cell membranes (CM) and mitochondrial cristae (M). 
X  ~4,000. 
FIGURE 5  A higher magnification of a portion of a mitochondrion. The cristae stand out 
as negative images against the deeply stained matrix. X 60,000. 
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ments  except  digestion  with  ribonuclease.  Pro- 
teins in the other structures  of cells acquire more 
moderate  contrast.  Basement  membranes  are 
faintly--if at  all--stained  (Fig.  1). The density of 
chromatin  is  extremely  variable  (Figs.  1  to  3), 
ranging from no stain  to very intense,  depending 
on  the  fixation,  dehydration,  and  other  treat- 
ments  such  as incubation  with enzymes,  and  it is 
described  in  detail  below.  The  Karnovsky  lead 
stain  renders  ribosomes  moderately  dense,  but 
other structures have low contrast. Double staining 
by  uranyl  acetate  followed  by  the  lead  stain 
renders  protein  components  of  the  cell  denser 
than with either stain  alone.  Proteins  (Figs.  7,  9, 
and  13)  and  mucus  in  duodenal  goblet  cells 
(Fig.  12) show a range of contrasts. This procedure 
of double  staining  gives excellent contrast  at  low 
direct  magnifications  up  to  about  10,000,  but  at 
FIounE  6  The  same  kidney  as  in  Figs.  4  and  5  to 
illustrate the Golgi apparatus  (GA), infolded cell mem- 
branes  (CM), mitochondria  (M),  and protein droplets 
(L).  X  ~7,00o. 
higher  magnifications,  the  cell  structures  have 
an  excessively  granular  appearance.  The  stain 
leaves  the  membranous  component  of  the  cells 
entirely unstained,  and  if prolonged double stain- 
ing  is  used,  an  effect  of  "negative  staining"  of 
the  membranes  is  simulated  (Figs.  4  to  6).  This 
effect  appeared  to  be  more  marked  with  heat- 
polymerized blocks than when UV light polymeri- 
zation was used. 
Description of Ultrastructure 
GENERAL  MORPHOLOGY 
A.  GLUTARALDEHYDE-FIXED  TISSUES: 
When  embedded  in  UV-polymerized 97  per cent 
HPMA,  pancreas,  kidney,  intestine,  and  muscle 
all  exhibited  good  preservation  of ultrastructure, 
with little or no distortion in any part of the block. 
Sections  of  normal  liver,  however,  invariably 
possessed  collapsed  areas  or  extensive  spaces  in 
the  cytoplasm  between  the  mitochondria  and 
between  tracts  of  ergastoplasm.  Nothing  cor- 
responding  to  the  normally  accepted  appearance 
of glycogen was  observed  in  these  livers  and  the 
disposition of the collapsed areas or spaces strongly 
suggested  that  they  resulted  from  extraction  of 
glycogen by  the  embedding  medium.  Such  aber- 
rations  were  largely  absent  from  livers  of  rats 
starved  for  24  and  48  hours.  Lipid  droplets  did 
not  survive  the  embedding  procedure  and  only 
empty  vacuoles  remained.  Similar  features  were 
found  in  heat-polymerized  blocks.  After  em- 
bedding in 80 per cent HPMA  (Schedule 3,  page 
139),  kidney was well preserved,  but the ergasto- 
plasm  and  nuclei  of  pancreas  were  somewhat 
distorted.  The other tissues were not examined in 
80 per cent HPMA. 
B.  FORMALDEHYDE-FIXED  TISSUES:  When 
the  embedding  was  done  in  97  per cent  HPMA, 
the  preservation  of  ultrastructure  of  individual 
cells in liver from fasted animals and in kidney was 
just acceptable,  but the  cells were  widely dissoci- 
ated  from  each  other.  In pancreas,  intracellular 
distortion  was  produced  in  the  form  of very  ir- 
regular  nuclear  outlines  and  wide  gaps  between 
ergastoplasmic lamellae. 
C.  OSMIUM  TETROXIDE-FIXED  TISSUE  : 
All osmium  tetroxide-treated  tissues showed poor 
preservation  of  fine  structure  and  further studies 
with them were abandoned. 
DETAILED  MORPHOLOGY  :  The  following de- 
scriptions  of  cell  ultrastructure  are  based  on 
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minutes  to  4  hours,  dehydration  and  embedding 
in  97  per  cent  HPMA  according  to  Schedule  1 
(page  139),  and  staining  of sections  with  uranyl 
acetate alone or double staining. 
PANCREAS :  The  appearance  of  the  pan- 
creatic  acinar  cells  is  essentially  like  that  previ- 
ously  described  for  GMA-embedded  tissues  (26). 
The  ergastoplasmic  membranes  are  thin  lines 
without opacity to electrons, outlined on one side 
by rows of dense ribosomes and  on the other side 
by a moderately dense matrix within the cisternae 
(Figs.  1 to 3). A similar matrix is revealed between 
the  membranes  of  the  nuclear  envelope.  The 
mitochondrial  matrix,  including  that  within  the 
folds of the cristae,  zymogen granules,  contents of 
smaller vacuoles in the Golgi region, and the con- 
tents of the lumen of the acini appear homogene- 
ous and dense. Within the nucleus (Figs.  1 and 2), 
very dense particles of various sizes are randomly 
distributed  in the interchromatinic  zones  and  the 
nucleolus consists  of a  network  of dense  particles 
and  filaments.  The  chromatin  is  finely  granular 
and  pale,  or only moderately dense when stained 
with uranyl acetate alone (Fig.  1),  but very dense 
after double staining. This description is also valid 
for nuclei of other tissues described later. 
KINNEY:  Double-stained  sections  of  kidney 
show  strongly  outlined  cell membranes,  particu- 
larly  the  basal  infoldings  of  the  plasma  mem- 
Brane,  adjacent  cell membranes  with  intervening 
dense  protein,  and  microvilli of the brush-border 
and its tubular invaginations  (Figs. 4  and 6). The 
unstained  large vacuoles at the base of the brush- 
border,  however,  have no discernible membranes 
in these preparations.  Cristae of mitochondria are 
especially well delineated  (Fig.  5).  Protein  drop- 
lets  in  cells  of  the  proximal  convolutions  are 
clearly outlined  by  an  unstained  membrane,  and 
their contents vary considerably in the density of 
staining. 
LIVER :  The  livers of rats  starved  for  24  and 
48 hours contain a  few small holes. These are un- 
like the larger,  roughly circular  holes left by dis- 
solved  lipid,  and  they  appear  to  be  situated  in 
areas  formerly  occupied  by  residual  deposits  of 
glycogen.  The  ergastoplasm  stands  out  very 
sharply because of the opacity of the stained ribo- 
somes  (Fig.  7).  Lysosomes  and  microbodies  are 
clearly recognizable  (Figs.  7  and  9),  particularly 
in livers of rats starved for 48 hours, in which they 
often  increase  in  number.  In  individual  sections, 
the  microbodies  show  the  same  over-all  density 
after  either  single  or  double  staining,  but  are 
darker than nearby lysosomes (Fig. 9). The inclu- 
sion  body  of microbodies  stands  out  darkly  and 
sharply  against  the  moderately  dense  homogene- 
ous  matrix.  Lysosomes vary somewhat  in density 
and  usually the vacuoles within them  appear  less 
dense  than  the  matrix  (Fig.  9).  The  nuclei  of 
hepatic  parenchymal  cells  show  particularly 
clearly the granular  (Fig.  7)  and  fibrillar compo- 
nents of the nucleolus and, in some cells, the large 
perichromatinic  granules  (41).  The  Golgi  appa- 
ratus  is  clearly  delineated  (Fig.  11)  and  its 
distended  terminal  portions  are  seen  as  mem- 
brane-bounded  vacuoles  containing  numerous 
apparently  empty  or  unstained  smaller  vacuoles 
having  no  visible  membranes.  Microvilli  of  bile 
capillaries often show structural  damage,  but  the 
surfaces  of  the  sinusoidal  aspect  of  the  cell  are 
always well preserved. 
DUODENUM :  The contents of the large drop- 
lets of mucus in the goblet cells is preserved in the 
form of an inhomogeneous,  flocculent material of 
considerable  density  (Fig.  12).  The  granules  of 
Paneth  cells  are  homogeneous  and  dense.  The 
variety of cell types within the lamina propria of 
the  villi  reveal  very  widely  differing  types  of 
nuclei with  respect to  preservation,  organization, 
and  content  of  nucleoli,  chromatin,  and  inter- 
chromatinic  particles.  Plasma  cells  contain 
abundant,  homogeneous,  dense  protein  in  their 
ergastoplasmic  cisternae.  The  specific granules  of 
eosinophils  are  well  preserved  and  show  very 
dense  crystalloid  structures  within  a  less  dense 
matrix. 
MUSCLE:  The  specific  features  of  striated 
muscle  are  well demonstrated  in  glutaraldehyde- 
fixed,  HPMA-embedded  rat  diaphragm.  The 
banded  pattern  of the myofilaments is illustrated 
in  Fig.  13,  which  shows  dense  Z  bands  between 
sarcomeres  and  an  equally  dense  and  broad  M 
band in the center of each pale H  band.  The large 
myofibrillae  of  the  A  band  are  prominent  with 
either  uranyl  acetate  staining  or  double  uranyl 
acetate-lead  staining,  especially  where  they 
traverse the H  band.  The thin fibrillae of the pale 
I  band  are discernible only in doubly stained sec- 
tions.  The  large mitochondria  between  the  myo- 
fibrils of the red fibers and in clusters near nuclei 
at the cell periphery are clearly seen. Large empty 
vacuoles  often  occur  between  the  myofibrils  in 
those  regions  normally  occupied  by  lipid. 
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pearance  of the  chromatin  in  HPMA-embedded 
sections varies considerably with the type of fixa- 
tion, method of dehydration, and other treatments 
applied  to  the  sections  before  staining.  This  be- 
came  evident  as  a  result  of  comparisons  made 
with nuclei of acinar ceils in sections of pancreas 
fixed for 30 minutes in 2.5 per cent glutaraldehyde 
or in 4  per cent formaldehyde,  followed by dehy- 
dration in HPMA,  GMA,  or in  alcohol,  and fol- 
lowed  by staining with uranyl acetate alone or in 
combination with lead staining.  After glutaralde- 
hyde  fixation,  HPMA  dehydration  (Schedule  1, 
page  139)  and uranyl acetate staining, chromatin 
appears finely granular with low electron opacity 
(Fig.  1).  Formaldehyde  fixation renders the chro- 
matin  more  homogeneous  and  equally  pale. 
Dehydration  in  GMA  before  embedding  in 
HPMA  (Schedule  4,  page  139),  however,  aug- 
ments the affinity of chromatin for uranyl  acetate 
(Fig.  2).  Alcohol  dehydration  (Schedule  2, 
page  139)  resulted in chromatin having a  density 
intermediate  between  those  given  by  GMA  and 
HPMA  dehydration. Double staining and incuba- 
tion  of  sections  in  enzyme  solutions  (see  below) 
also  increased  the  density  of  chromatin,  exten- 
sively  after  glutaraldehyde  (Fig.  3)  but  only 
slightly after formaldehyde fixation. 
Specific Digestibility  of Sections  by Enzymes 
In  all  cases,  it was  found  that sections treated 
with  enzyme-free  control  media  were  indistin- 
guishable  from  unincubated  sections. 
DEOXYRIBONUCLEASE:  After  incubation  in 
DNase for 4  hours at 37°C  and staining in uranyl 
acetate,  the pale chromatin of the formaldehyde- 
fixed,  HPMA-dehydrated  tissue  (Schedule  I, 
page  139)  was  unaffected  in  some  blocks  and 
rendered  slightly  more  dense  in  others.  After 
GMA  dehydration  (Schedule  4,  page  139), 
chromatin in sections of HPMA-embedded  tissues 
was rendered considerably more dense, i.e., stain- 
able  with  uranyl  acetate,  by  similar  exposure  to 
DNase,  but  cytoplasmic  components  were  un- 
affected. Even after 4 hours' digestion with DNase, 
both  the  formalin-  and  glutaraldehyde-fixed  tis- 
sues  gave  positive  Feulgen  staining,  indistin- 
guishable  from  that  seen  in  nuclei  of  tissues  in- 
cubated in  the enzyme-free medium for  the same 
time. 
RIBONUCLEASE :  After digestion with RNase, 
the  intensely  staining  ribosomal  particles  disap- 
peared  from  pancreas  that  had  been  fixed  in 
glutaraldehyde  and  dehydrated  in  either HPMA 
or  GMA,  leaving  a  homogeneous  background  of 
moderate  density  which  outlined  the  unstained 
membranes  (Fig.  3).  Similar  results  were  ob- 
tained with liver from  a  rat starved for 24 hours, 
fixed in glutaraldehyde,  and dehydrated and em- 
bedded in HPMA  (Fig. 8). In all cases, the granu- 
lar  component  of  the  nucleoli  disappeared  and 
each  entire nucleolus  seemed  less  dense,  but  this 
was due to the relatively increased contrast of the 
surrounding chromatin (Figs. 3 and 8). This effect 
also  made  it  possible  to  detect  strands  of  intra- 
nucleolar  chromatin  in  some  of  the  nuclei.  No 
particular  difference  could  be  seen  when  the 
effects  of  RNase  upon  glutaraldehyde-fixed 
pancreas embedded  in  97  or 80  per cent HPMA 
were compared. 
FIGURES 7 AND 8  Liver parenehynml cells of a rat which had been starved for ~24 hours. 
Fixation in 3 per cent glutaraldehyde for 4 hours was followed by a 16-hour rinse in caco- 
dylate-suerose and embedding in HPMA  (Schedule 1).  Both sections were incubated at 
37°C for 30 minutes and then doubly stained with uranyl acetate followed by lead stain. 
FIGURE 7  Control section incubated in distilled water alone.  Most heavily stained cell 
components are  the  ribosomes of the ergastoplasm  (ER),  the  granules  and  network of 
fibrils in the nueleolus (Nu), granules in the interehromatinie zone of the nucleus (IZ), 
and the dense core of a  mierobody (Mb). The double stain has rendered the ehromatin 
(Ch) around the nucleolus and along the nucleolar envelope moderately dense.  X  30,000. 
FIGURE 8  A  parallel section incubated in RNase.  The ergastoplasmic (ER) ribosomes 
and the granules and filaments of the nueleolus (Nu) lost their capacity to bin(| the uranyl 
and lead contrast stains and only background proteins remain which are moderately dense. 
Interchromatinic granules  (IG) are  still slightly discernible,  and  the  dense core  of  the 
microbody (Mb) was unaffected by RNase treatment. X  30,000. 
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Microbodies (Mb) contain a dense core,  moderately stained matrix, and they are clearly delimited by a 
single membrane in negative image.  Adjacent lysosomes  (L)  are much less dense and, therefore, their 
limiting membranes are less readily discernible. They usually contain one or more vacuoles.  X  80,000. 
FIGURE 10  Glutaraldehyde-fixed, HPMA-embedded liver of a rat starved for 48 hours. The section was 
incubated in pepsin for 30 minutes and then stained with uranyl acetate and lead  stain.  The ergasto- 
plasm is unaffected but a loss of material from the matrix of mitochondria (M) and microbodies (Mb) is 
evident. )< 30,000. 
PEPSIN:  With glutaraldehyde-fixed  pancreas, 
liver,  kidney,  and  muscle,  dehydrated  and  em- 
bedded in HPMA,  the digestion of susceptible cell 
protein by pepsin began as a  gradual reduction in 
stainability  at  various  sites.  Eventually,  all  the 
tissue  at  these  sites  disappeared,  often  leaving 
holes in the plastic. 
In  pancreas  the  most  rapidly  attacked  cell 
components were the zymogen  granules.  After  30 
minutes  they were  intact but  almost unstainable, 
while  after  1  hour  they  had  almost  disappeared. 
The site next most rapidly  attacked in cells of the 
pancreas,  and in all other cells examined, was the 
matrix  lying  between  the  cristae  of  the  mito- 
chondria._There was no loss of density within the 
cristae.  In  the nucleoli,  there was  an over-all  re- 
duction in staining, but the granular and fibrillar 
components  remained,  and  in  some  cases  were 
more clearly evident. There was an over-all reduc- 
tion  of  stainability  of  the  interchromatinic  sub- 
stance  of  the  nucleus  after  long  incubation,  but 
there  was  no  discernible  effect  on  the  ergasto- 
plasm or  associated ribosomes. 
In  liver,  another  susceptible  structure  is  the 
microbody,  the  matrix  of which  was  attacked  as 
rapidly  as that of the mitochondria,  although the 
dense inclusion is resistant to  digestion  (Fig.  10). 
Lysosomes  were  apparently  unaffected  by  30 
minutes'  incubation with pepsin. 
In kidney, protein droplets in the epithelial cells 
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lysosomes  (14),  were  variously  susceptible  to 
pepsin  attack.  Some almost lost their stainability, 
although  appearing  structurally  intact,  by  the 
time  that  many  small  holes had  appeared  in  the 
matrix  of mitochondria.  Others  in  the  same  cells 
showed no diminution in stainability. 
In striated muscle, in addition to the usual effect 
on the mitochondrial  matrix,  pepsin  attacked  the 
Z  band.  After 30 minutes'  treatment with pepsin, 
the broad Z  band disappeared  and the sarcomeres 
became  separated,  leaving  between  them  a  few 
very thin  filaments plus  a  narrow  band  of homo- 
geneous,  densely staining material  at each end  of 
the  individual  sarcomeres  (Fig.  14).  The  latter 
material  may  represent  remnants  of the  Z  band, 
in which case pepsin digests a protein in the center 
of each Z  band,  but not all of the components  of 
the band. The A, H, I, and M  bands all remained 
intact.  After  1  hour  of  incubation,  spaces  de- 
veloped in the region of the former Z  band.  The 
large  myosin  filaments  of the  A  band  were  still 
discernible and the H  band was still detectable; so 
presumably  the  smaller  actin  filaments were  also 
intact.  The  M  line  was  no  longer  discernible  at 
this stage.  In thinner  (silver) sections incubated in 
pepsin  for  1  hour,  the  sarcomeres  began  to  float 
apart,  but  were  still  associated  with  each  other 
laterally,  presumably  by  remnants  of the  sarco- 
plasmic  reticulum,  but  otherwise  freed  from  the 
plastic.  In these sarcomeres  the A  band  filaments 
were  still  intact,  but  the  absence  of the  H  band 
and clarification of the spaces between the myosin 
filaments made it appear  that  the  actin  filaments 
had been destroyed. 
Trypsin  had  the  same  effects  on  ultrathin  sec- 
tions  of liver and  muscle  as  did  pepsin.  That  is, 
the  matrix  of  mitochondria  and  of  microbodies 
and the Z  band of striated muscle were destroyed. 
These  same  structures  were  extracted,  but  to  a 
lesser  degree,  by  Tris  buffer  alone,  but  control 
sections  in  distilled water  were  unaffected. 
DISCUSSION 
Although  this  report  is  by  no  means  exhaustive, 
the results so far obtained  by using aldehyde fixa- 
tions  and  HPMA  embedding  indicate  that  the 
technique has considerable potentialities for ultra- 
structural  cytochemistry.  As  with  all  new  tech- 
niques,  there  are  a  number  of variables  that  re- 
quire further study and which influence the degree 
of  preservation  of  ultrastructure,  the  chemical 
FmURE 11  Liver of a  rat starved for ~4 hours,  fixed 
in 3  per cent glutaraldehyde for 4  hours,  dehydrated, 
and  embedded  in  HPMA  (Schedule  1),  and  doubly 
stained  with  uranyl  acetate  and  lead  stain.  The 
Golgi apparatus  is  represented  as  negative image  s  of 
parallel membranes  (1),  small vesicles  (~),  and  larger 
vacuoles (3).  X  30,000. 
integrity of the embedded  tissues,  and  their suita- 
bility  for  cytochemical  tests  made  directly  upon 
ultrathin  sections. 
Previous  work  from  these  laboratories  had 
already shown  that  aldehyde  fixation followed by 
embedding  in  2-hydroxyethyl  methacrylate  (gly- 
col methacrylate  or GMA)  (35,  24,  26)  could  be 
used successfully for preserving fine structure  and 
for digestion  of nucleic  acids by nucleases  and  of 
certain  proteins  by  pepsin,  particularly  in  the 
study of viruses (3, 5,  11)  and nucleoli (10,  12, 37, 
39,  19,  28).  The  present  work  shows  that  with 
HPMA embedding,  fixation is also successful over 
a considerable range of strengths of glutaraldehyde 
and of fixation times. After formaldehyde fixation, 
however,  embedding  in  HPMA  is  far  less  satis- 
factory than with either glutaraldehyde fixation or 
embedding  in  GMA.  The  morphological  de- 
generation seen after direct osmium tetroxide fixa- 
tion  or  post  fixation  in  osmium  tetroxide  of 
aldehyde-fixed tissues is similar to that observed by 
Sabatini  et  al.  (36)  when  glutaraldehyde-fixed 
tissue was treated with osmium tetroxide and  em- 
bedded  in  butyl  methacrylate.  The  cause  of this 
poor  morphological  quality  in  methacrylates  is 
E.  H.  LEDUC AND S.  J.  HoLT  Water-Miscible Embedding Medium  149 FIGURE 1~  Goblet cell in the duodenum of a rat, fixed in 3  per cent glutaraldehyde for  4  hours,  rinsed 
for ~4 hours in cacodylate-sucrose, dehydrated and embedded in HPMA (Schedule 1), and doubly stained. 
The mucus-containing granules exhibit a moderate density.  )< ~0,000. 
obscure,  but  since  it  does  not  occur  when  such 
doubly fixed tissue is embedded in epoxide  resins 
(36) it serves as a reminder that the appearance of 
a  tissue in ultrathin sections,  unless good,  cannot 
always be accepted as a criterion of fixation alone. 
The poor quality of the osmium tetroxide-treated 
tissues  was  no  great  loss  for  cytochemical  pur- 
poses,  however,  since  osmium  tetroxide  inhibits 
digestion of tissue elements by enzymes  (93),  and 
also  inhibits endogenous  enzymes  (15,  16),  some 
of which  can  be  demonstrated  directly  in  1 to  2 
micron  sections  of  aldehyde-fixed,  HPMA- 
embedded tissues (17). 
Dehydration  and  embedding  of  tissues  in 
FmtmEs 13 AND 14  Diaphram muscle of a rat, fixed for 4 hours in 3% glutaraldehyde, 
rinsed for 16 hours in cacodylate-sucrose, dehydrated and embedded in HPMA  (Schedule 
1), and doubly stained. 
FIGURE 13  Unincubated control section: very dense Z bands (Z)  delimit sarcomeres of 
striated  muscle,  and dense  M  band bisects pale H  band  (H).  Myofilaments are  clearly 
visible in the  A band  (A), but not in the I  band  (I).  Mitochondria  (3/)  are  seen  be- 
tween myofibrils. )< 30,000. 
FIGURE 14  Section  incubated in pepsin for  30  minutes  before  staining.  The  formerly 
compact and densely staining Z band has been split in two and individual sarcomeres have 
pulled apart, leaving between them a trail of delicate fibrils. Remnants of dense Z material 
persist at the split ends of each sarcomere (arrow).)<  30,000. 
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size  the  limited  water  capacity  of  HPMA,  the 
necessity for keeping the tissues constantly moving 
in  each  change  of fluid,  and  allowing  adequate 
time  for  penetration.  The  long  periods  given  in 
the  schedules  listed  above  and  the  repetition  of 
several of the changes  are  probably  unnecessary, 
but they were used in these preliminary investiga- 
tions to ensure complete exchange of fluids during 
processing.  Prepolymerized  HPMA  was  used 
routinely  for  the  embedding  stage  since  prepoly- 
merized GMA had  been found  to be essential for 
good  preservation  of fine structure  (26),  and  be- 
cause  of the  earlier  findings  of Borysko  (6)  with 
butyl  and  methyl methacrylates. 
Tissues from UV- and  heat-polymerized blocks 
were  equally  suitable  for  morphological  studies, 
but  for cytochemical  purposes  those  polymerized 
by UV light in the cold were preferred  since the 
tissue  would  probably  have  undergone  less  de- 
naturation  than  during  prolonged  heating.  Simi- 
larly, it was encouraging to find that HPMA con- 
taining up to 20 per cent water could be satisfac- 
torily polymerized.  It was  hoped  that  this  would 
also  reduce denaturation,  give a  more permeable 
block,  and  that  these  two  factors  would  leave 
tissue  sections  more  reactive  to  directly  applied 
enzymes, substrates,  and  stains.  Unfortunately,  as 
described  above,  the  structural  preservation  of 
tissues  embedded  in  80  per cent HPMA  was  not 
always satisfactory. 
An  important  advantage  of  embedding  in 
HPMA is that  sections can easily be cut from the 
pure  polymer  containing  various  concentrations 
of water,  without  the  expansion  seen with  GMA 
or  the  necessity of adding  butyl  methacrylate  or 
other  plasticizing  agents.  The  polymerization  of 
the  single  monomer  is  probably  more  uniform 
than  with  the  GMA  mixtures,  and  this  may  ac- 
count  not only for the  absence  of swelling of the 
periphery of tissue blocks that was so noticeable in 
GMA  (24),  but  also for the fact that  HPMA sec- 
tions,  unlike GMA sections, do not expand  when 
irradiated by the electron beam. The instability of 
GMA/butyl  methacrylate  sections  could  arise 
from the presence of polymers of each component, 
from which the butyl methacrylate sublimes in the 
electron beam. This suggestion is supported  by the 
fact  that  addition  to  GMA  mixtures  of  a  small 
percentage of ethylene glycol dimethacrylate  as  a 
cross-linking  agent  results  in  much  more  stable 
sections (27). 
The  contrast  afforded  by unstained  sections  of 
HPMA-embedded  tissues is very low. When  con- 
trast staining by uranyl  acetate,  Karnovsky's lead 
stain,  or  both,  is  applied,  however,  greater  con- 
trast  is  obtained  than  when  GMA  is  used,  but 
membranes  are  still  seen  in  negative  image.  In 
fact, the effect of "negative staining"  that is simu- 
lated  when  HPMA  sections  are  treated  succes- 
sively for  prolonged  periods  with  uranyl  acetate 
and  the lead stain  may be particularly  useful  for 
studying  interrelationships  of membranes  in  cells 
and  the  origins  of  certain  membrane-bounded 
structures.  The  effect  of  "negative  staining"  is 
probably due to unstained  membranes  being out- 
lined  by heavily stained  protein  on either  side  of 
them (Fig. 5), and not by a deposit of actual stain 
as  in  the  case  of true  negative  staining. 
As  far  as  positively stained  structures  are  con- 
cerned,  ribosomes  invariably  present  very  dark 
images, presumably due in part to their RNA con- 
tent  (18).  The stainability of chromatin,  however, 
exhibited variability  according to the type of de- 
hydration  schedule.  GMA  monomer  or  ethanol 
was used  in the early stages of some dehydration 
schedules  because  their  complete  compatibility 
with  water  was  thought  to  present  some  advan- 
tages over HPMA, and the finding that the subse- 
quent intensity of staining of chromatin  by uranyl 
acetate  followed  the  type  of  dehydration  in  the 
order GMA  >  ethanol  >  HPMA was quite un- 
expected.  This  effect  may  be  due  to  different 
degrees of extraction of materials by the different 
dehydrating  agents,  or  their  effects  upon  the 
integrity of deoxyribonucleoproteins. 
Loss  of  material  undoubtedly  occurs  with 
HPMA embedding  under  the conditions outlined 
here.  For  example,  lipid  stains  fail  to  reveal  any 
droplets of neutral  lipid in  1 to 2 micron sections 
of HPMA-embedded  liver (17),  and phospholipid 
stains  such  as  Baker's  Acid  Haematein  (1)  and 
Methazol  Fast  Blue  (33)  give  equivocal  results 
(17).  Similarly, no lipid droplets like those seen in 
Epon-embedded  rat liver were evident in HPMA 
sections,  but  only  roughly  circular  empty  areas. 
Again,  the  small  dark  granules  often  seen  in  the 
distended  terminal  portions  of  Golgi  saccules  in 
osmium  tetroxide-fixed  rat  liver,  and  probably 
rich in lipid, appear  as clusters of pale vacuoles in 
the  aldehyde-fixed,  HPMA-embedded  tissue 
(Fig.  11).  The negative images of membranes seen 
after  this  procedure  may  also  result  from  extrac- 
tion  of  a  lipid  component,  or  merely  from  the 
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the membranes,  or modify them so  that  they  are 
subsequently visualized by lead or uranyl staining. 
Extraction of glycogen by HPMA is obviously ex- 
tensive, and unfortunate, for cells containing much 
glycogen suffer considerable architectural collapse 
when embedded in HPMA. This undoubtedly  ac- 
counts  for  the  poor  preservation  seen  in  normal 
liver  and  the  greatly  improved  result  obtained 
with  liver from  starved  rats.  Not  all  polysaccha- 
ride-containing  structures  are  adversely  affected 
by HPMA embedding,  however.  Basement mem- 
branes remain intact (Figs.  1 and 4)  and the PAS 
reaction is positive in them when applied to  1 to 2 
micron  sections  (17).  The droplets  of mucigen in 
duodenal  goblet  cells  show  good  preservation 
(Fig.  12),  and  the strongly positive PAS response 
and  Alcian  Blue  staining  seen  in  them  by  light 
microscopy,  using  1  to  2  micron  sections,  gives 
good  evidence for their  integrity  (17). 
The  loss  of  some  cellular  and  tissue  integrity 
after  embedding  in  80  per  cent HPMA  was  dis- 
appointing,  for,  as  explained  earlier,  blocks  con- 
taining  a  high  percentage  of water were thought 
to be of considerable importance for cytochemical 
studies.  It  is  hoped  that  reduction  of  structural 
changes  in 80  per cent HPMA  and  of extraction 
effects in 97 per cent HPMA may follow from low 
temperature  dehydration  and  polymerization 
techniques of the type used by Feder for GMA (8), 
or  the  use  of  other  dehydrating  agents,  such  as 
Carbowax  (2). 
Certain  similarities  and  differences  are  seen 
when  the  effects  of  enzymic  digestions  upon 
HPMA  sections  are  compared  with  those  re- 
ported  previously  for  GMA  sections.  With  the 
latter,  incubation  in  DNase  after  formaldehyde 
fixation  rendered  chromatin  non-stainable  by 
uranyl  acetate,  and  the  Feulgen  reaction  was 
abolished  in  parallel  2-micron  sections,  but  no 
response was seen after glutaraldehyde or acrolein 
fixation  (24,  26).  In the present case,  with ultra- 
thin  sections of HPMA-embedded  tissue, no reac- 
tion  could  be  detected  with  DNase  even  after 
brief formalin  fixation  and  prolonged  incubation 
with the enzyme, or whether HPMA or GMA de- 
hydration  was  used.  In  fact,  chromatin  was 
rendered  not  less,  but  more  stainable  by  uranyl 
acetate, and the Feulgen reaction in  1 to 2 micron 
sections  remained  positive.  On  this  basis,  DNase 
appears  not  to  attack  DNA  in  HPMA-impreg- 
nated  cells under  the  conditions  used  here.  It  is 
possible  that  the  additional  methyl  group  in  the 
molecule of HPMA, compared with that of GMA, 
introduces  a  steric  factor  in  the  new  polymer 
which  does  not  permit  penetration  by  the  large 
DNase  molecules,  or  does  not  allow  either  the 
formation of a  reactive enzyme-substrate  complex 
or the  escape  of fragments  of successfully  hydro- 
lyzed DNA. Thus, in the latter case, the core (44) 
of DNA that resists breakdown by the enzyme may 
persist. 
The  increased  stainability  of  chromatin  by 
uranyl acetate after incubation of HPMA sections 
in DNase  is not  easy to interpret.  It is consistent 
with  the  hypothesis  that  fragments  of DNA  re- 
main trapped in the plastic after incubation in the 
enzyme,  for,  under  these  conditions,  further 
acidic  groups  would  become  available  to  react 
with  uranyl  ions by cleavage of the DNA chain. 
On  the other  hand,  the same effect is seen when 
HPMA  sections  are  digested  with  ribonuclease. 
Perhaps,  a  more likely explanation  for the reten- 
tion  of  chromatin  and  for  the  staining  effect  is 
that a stable DNA-DNase complex is formed which 
adsorbs  more  uranyl  ions  than  DNA  alone.  The 
intense  staining  of  protein  components  of  tissue 
offers some  support  for  this  concept,  as  does  the 
greatly  increased  stainability  of  chromatin  after 
RNase treatment, both in HPMA and GMA (26), 
for complexes of DNA with RNase have been re- 
ported  (13,  40)  as well as with other proteins  (7, 
30). A  similar explanation for the enhanced stain- 
ability  of  chromatin  in  ordinary  methacrylate 
sections  after RNase  treatment  has  been  invoked 
by Yotsuyanagi  (43). 
Unlike DNase,  RNase  acts  as rapidly  and  spe- 
cifically upon  HPMA sections as upon  GMA sec- 
tions  (24,  26),  and  the mode of dehydration  and 
the type and duration  of aldehyde fixation do not 
appear  to  modify its  rate  of action  or  its  effects. 
The  structural  preservation  after  ribonuclease 
digestion is superior in HPMA sections to that  in 
GMA sections. 
Pepsin digestion  also proceeds in the same way 
in HPMA sections as previously reported for GMA 
sections,  and  the  duration  of  fixation  does  not 
modify  its  effects.  Although  the  actual  proteins 
that  are  susceptible  to  attack  by  pepsin  are  un- 
known,  the  cell  components  that  are  attacked 
behave in a reproducible manner. 
In  conclusion,  it  appears  that,  in  many  re- 
spects,  HPMA-embedded  tissues  are  superior  to 
those examined in earlier water-soluble embedding 
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come  the limitation with respect to DNase diges- 
tions  and  lead  to  a  better  understanding  of  the 
application  of  this  new  embedding  medium  in 
cytochemical investigations of normal  and  patho- 
logical cells  and tissues. 
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